This extensive study aimed at quantifying the concentrations and removal efficiency of 23 metals and metalloids in domestic wastewater passing through full-scale plants. Nine facilities were equipped with secondary biological treatment and three facilities were equipped with a tertiary treatment stage. The metals investigated were Li, B, Al, Ti, V, Cr, Fe, Ni, Co, Cu, Zn, As, Se, Rb, Mo, Ag, Cd, Sn, Sb, Ba, Tl, Pb and U. Particulate and dissolved metals were measured using 24 h composite samples at each treatment stage. In influents, total concentrations of Cd, Sb, Co, Se, U, Ag, V were below a few μg/L, whereas at the other extremity Zn, B, Fe, Ti, Al were in the range of 0.1 to >1 mg/L. It was demonstrated that secondary treatment stage (activated sludge, biodisc and membrane bioreactor) were efficient to remove most metals (removal rate > 70%), with the exception of B, Li, Rb, Mo, Co, As, Sb and V due to their low adsorption capacities. With the tested tertiary stages (polishing pond, rapid chemical settler, ozonation), a removal efficiency was obtained for Ti, Cr, Cd, Cu, Zn, Sn, Pb, Fe, Ag and Al, whereas a little removal (<30%) was obtained for other metals. 
INTRODUCTION
The European Water Framework Directive, the environmental risk assessment regulation and new powerful analytical techniques have revived the interest for the study of metals removal from municipal wastewater and sludge. Indeed, the discharge of metals into surface waters represents an ecotoxicity risk for the environment. Sewage treatment systems have to deal with these pollutants, whereas they are usually designed to treat conventional pollution (organic matter, nitrogen, phosphorus).
Since the early 1980s, priority metals such as Cd, Hg, Ni and Pb have been widely studied; but relevant data about their removal and their fate in treatment systems remain contradictory (e.g. WERF ; Karvelas et al. ; Toumi et al. ) . One reason is that the analytical techniques employed in earlier studies (e.g. mono-element flame atomic absorption spectrometry) present relatively high quantification limits. In addition, most authors reported total metal concentrations only. Many studies have assessed metal removals for mixed activated sludge systems, but only a few have been published for attached-growth biomass systems, whereas these processes are under increasing development. Finally, several toxic metals have seldom been measured in wastewaters, such as Ti, V, Co, As, Se, Ag, Sb and U.
An extensive study dealing with the fate of xenobiotics through municipal wastewater treatment plants (WWTPs) in France was carried out in 2007-2008 through the AMPERES project (Analysis of priority and emerging pollutants in wastewater and surface waters). This paper reports the results of 23 metals and metalloids analyzed in the dissolved and the particulate phases of wastewaters collected from full-scale municipal wastewater treatment plants. The powerful multi-elements ICP-MS analytical technique was implemented together with clean sampling and laboratory procedures. The objective was to evaluate thoroughly (i) metal concentrations in raw wastewater, (ii) the partitioning between dissolved/particulate phase and (iii) the efficiency of treatment at the different stages. The differences between rural and urban wastewater were studied as well.
MATERIAL AND METHODS

Wastewater treatment plants selection
Through the AMPERES project, fifteen full-scale WWTPs were selected and studied as a representative panel of the conventional (secondary) and advanced (tertiary) treatment processes of municipal wastewaters and sludge. The present paper reports the results measured on nine full-scale conventional plants (secondary treatment stage) and three additional treatment stages (tertiary treatment stage), for the wastewater treatment line.
The facilities covered a wide range of treatment capacities, different wastewater origins (urban or rural) and several stages for treatment of raw wastewaters (primary, secondary, tertiary) ( Table 1) .
The pool of secondary treatment processes was composed of 7 conventional biological activated sludge (ASP) which is the more widespread process in Europe: 6 were operated under extended aeration and 1 under medium loading rate. Moreover a rotating biodisc contactor (RBC) connected to a reed bed filter and a membrane bioreactor (MBR) were also investigated. Among them, 3 facilities were located in rural areas (<13,000 population equivalent (PE) design capacity) and 6 were located in urban areas and received less than 30% of industrial wastewater (24,000 to 950,000 PE).
Three tertiary treatments were studied. They were initially set-up to upgrade existing plants for the removal of suspended solids (phosphorus discharge objective met with a tertiary settling tank SE3), or for the removal of pathogens in sea-resorts (discharge objective met with a polishing stabilisation pond CA4; or with an ozonation contact zone after sand filtration CA-PA1).
Samples collection
24 h flow-proportional composite samples were processed for 2 or 3 successive weekdays (dry weather) for influent, effluent and intermediate points when necessary. Refrigerated automatic samplers (Buhler 5010) equipped with Teflon tubing and 24 glass containers were used. Daily average composite samples were then constituted using the hourly inflow rate recorded with a flowmeter. An ISCO bubble flowmeter was used when a Venturi canal was available at the facility. Alternatively, a water level recording was used in the case of tank feeding systems.
A thorough cleaning of all sampling material was carried out to prevent sample contamination. Field-blank procedures with drinking mineral water (Evian) or with wastewater were carried out several times to quantify the possible contamination or loss by adsorption of the sampling/conditioning chain. Samples were transferred into clean polyethylene containers and rapidly transported in coolers to the laboratory. Conventional parameters were measured in collected samples according to standard methods (APHA, AWWA, WPCF ): total suspended solids (TSS), chemical oxygen demand (COD), ammonia (NH 4 -N), nitrites (NO 2 -N), nitrates (NO 3 -N), Kjeldhal nitrogen (TKN), phosphates (PO 4 -P), total phosphorus (P tot ). The operating conditions of the facilities were precisely documented: applied loading rate and discharge, hydraulic and sludge retention times, daily aerobic/ anoxic times, removal rate for conventional pollutants.
Analytical methods
To prevent contamination, all the laboratory material was cleaned with nitric acid (10%, v/v) and thoroughly rinsed with ultrapure water. Raw and treated wastewater samples were filtered (0.45 µm, PVDF filters) within 12 to 24 h maximum in order to preserve metal partition. The filtrates were immediately acidified with nitric acid (Suprapur, Merck, 0.5%, v/v) for metals and stored at 4 W C in darkness. Filters were dried during 12 h at 50 W C in Petri dishes and stored in plastic bag before analysis. The particulate phase was first mineralized with aqua regia (HNO 3 :HCl; 3:1) in a microwave oven. Metals were quantified by inductively coupled plasma mass spectrometry (ICP-MS, Thermo X7 series II). The limit of quantification (LQ) for the dissolved phase varied between 0.01 µg/L (for Cd) and 5 µg/L (for Al and Ba). Typical precisions varied between 8 and 20% depending on the element.
Data treatment
The percentage of total metals present in the dissolved phase (noted f diss ) was calculated according to Equation (1) with the dissolved concentration (C dissolved , µg/L) and the total concentration (C total , µg/L).
The removal efficiency of each metal was calculated as the ratio of the effluent to the influent total concentration for each sampling day. For concentrations below the limit of quantification (LQ), the following rules were considered:
• no removal efficiency was calculated when a concentration below LQ was measured in the influent;
• when the concentration below the LQ was obtained in the effluent and when a concentration was quantified in the influent, a value equal to the LQ was considered for the dissolved phase; a value equal to half of the LQ was considered for the particulate phase.
The removal efficiency for tertiary treatment was calculated using the concentrations of the effluents of the secondary and tertiary stages. The mean value of the efficiency of treatment were compared, including the range between first and third quartile to compare the data.
RESULTS AND DISCUSSION
The first two parts of the paper concern the concentrations and the partitioning of metals in raw wastewater. Then, the removal efficiency for secondary and tertiary treatment is presented.
Concentration of metals in influent (raw wastewater)
Figure 1 presents, as box-plot diagrams, the concentration of total metals (dissolved þ particulate) for the 9 conventional treatment plants. These data concern 21 samples of influent. For each metal, the first box-plot concerns rural facilities (8 samples) and the second the urban ones (13 samples).
All studied metals were quantified in influents, with the exception of Tl (thallium) that was never quantified in dissolved and particulate phases. The occurrence frequency was 100% for 19 elements, whereas Ag, Se and V were quantified at a frequency of about 80%. Considering the concentration ranges between the first and the third quartile obtained for the total metal concentration in influents, four classes could be defined (Table 2) Moreover, the mass of metals released per day and per inhabitant was calculated for each category of Table 2 , assuming a classical value (150 L/d/PE) for the specific discharge volume.
A large variability of data was observed for most of the studied metals (mean interquartile ratio of 2.3; mean Max: Min ratio about 10). The dilution by clear water infiltration (e.g. case of poorly impermeable collection system) could only explain a variation up to a factor of 2.
Households were also a source of all studied metals. The comparison of rural (CA1, CA2, CA4) and urban wastewaters (CA3, SE1, SE2, SE3, SE4, SE5) has shown that the mean value and the concentration ranges (first to third quartile) were similar for Cd, Sb, U, Mo, Pb, Rb, Ba, Cu, Ti, Zn, B, Fe and Al. In contrast, urban areas, that include industries, released more metals through WWTP influents. The mean concentrations of V, Se, Ag, Sn, Cr, Ni and Li were lower in rural wastewaters than in urban wastewaters. Moreover, the interquartile ranges of concentration for rural wastewaters were comparable to the low values of interquartile ranges for urban wastewaters. A higher concentration range in rural influent was observed only for As, probably due to a geochemical source in the area of the WWTP CA1.
Metal partitioning in influent (raw wastewater)
The results of partitioning was calculated for each metal in each sample according to Equation (1). The results have been represented according to a box-plot diagram for each metal in Figure 2 .
For the 21 samples of raw wastewater, no value of f diss can be calculated for U, Sb, Tl and V. Indeed, the concentration in the particulate phase was always below LQ for these elements (LQ ¼ 0.4, 0.8, 0.8 and 12.0 µg/L respectively).
Ti, Cr, Cd, Cu, Zn, Sn, Pb, Fe, Ag and Al were predominantly bound to particulate matter (mean and third quartile values for f diss below 30%). B, Li, Rb and Mo were mainly present in the dissolved fraction of wastewaters (mean and first quartile f diss above 70%). Other metals like Ni, Co, Se, As and Ba, were intermediately adsorbed metals (mean f diss between 30 and 70%).
Literature values reported for f diss in wastewaters are presented for eleven metals (Table 3) . Comparable mean values of f diss for Al, Fe, Ag, Pb, Cu, Cr, Cd, Zn and Ni were obtained in this study; but higher mean values by about 20-40% were obtained for Co and As. The variability of f diss for each metal can be assessed considering the ranges covered between the first and the third quartile values. A variation below 10% was observed for about half of the metals (B, Li, Rb, Mo, Ni, Co, Se, Cu, Fe, Sn, Al). It was around 20% for As, Ti, Cr, Cd, Zn, Pb and Ag. The different nature of wastewaters studied in terms of organic matter type, the presence of synthetic compounds such as EDTA and the physico-chemical conditions (pH, ionic strength) could explain this variability (WERF ; Huang & Wang ).
Metal removal by WWTP
Removal efficiencies were calculated using the total metal concentrations. They are presented for secondary treatment WWTP in Figure 3 and for tertiary treatment in Figure 4 .
Secondary (biological) treatment stage
For metals that were measured predominantly in the particulate fraction (e.g. Ti, Cr, Cd, Cu, Zn, Sn, Pb, Fe, Ag and Al), mean removal efficiency were higher than 75%, except for Cd and Zn (Figure 3 ). For these metals, removal was mainly carried out through the liquid/solid separation step (WERF ) because secondary treatments provided a 90% removal for suspended solids.
Mean removal efficiency of 40-60% were measured for the intermediately adsorbable metals (e.g. Ni, Se, Ba, U), except for Co and As which were removed at mean efficiency close to 20%. For the metals present mostly in the dissolved phase (B, Li, Rb and Mo), mean removal rates below 20% were measured. So, no precipitation or natural adsorption occurred in biological treatment. For the metal not measured in the particulate phase (U, Sb and V), the calculated removal rate was negligible (<20%). Moreover, a mean removal efficiency below 20% was measured for two intermediate metal Co and As, whereas the dispersion of the data is high.
A dispersion of the results was observed probably due to several environmental factors (pH, ionic strength, EDTA). For Zn, Ba, Se, Cd, Pb, Cu, Ag, Sn and Al, mean removal efficiencies obtained by biological treatment were 25-40% higher than the values obtained with a primary settling tank only (mean removal efficiency of 30-60%, similar for suspended solids). Wang et al. (2006) .
The removal efficiencies measured in this study are in agreement with recent data reported in the literature for activated sludge process for Cr, Fe, Cu, Ag and Al (Busetti et al. ; Carletti et al. ) . Nevertheless, higher removal efficiencies were observed for the adsorbable metals (Ti, Cr, Cu, Pb, Fe, Sn, Ag, and Al) when high suspended solids (TSS) removal were applied like with reed-bed filter (CA4) or membrane bio-reactor (SE5) for which TSS is removed at almost 99%.
No difference in removal efficiency was observed for any metal between extended aeration ASP operated at about 9 to 15 W C (CA1, CA2, SE1) compared to the ones operated at 20 to 23 W C (SE2, SE3, SE4). Then, the temperature effect on the removal of metal was not significant. The effect of the loading rate has been studied. For Ti, Ba, As and Pb, the removal efficiency of some metals by activated sludge process operated under extended aeration (SE3, SE4) was 30% higher than with the medium loading rate ASP (CA3). A negligible difference in removal efficiency (below 10%) was observed for other metals.
Tertiary treatment stage
The efficiencies of three additional tertiary treatments are shown on Figure 4 .
The three studied types of tertiary treatments (polishing pond, rapid chemical settler, ozonation) presented mean removal efficiencies below 30% for half of the metals (e.g. B, Li, Rb, Mo, Ni, Co, Se, As, U, Ba, Sb and V), that are the poorly or intermediately adsorbable metals (see Figure 2 ). Other metals (Ti, Cr, Cd, Cu, Zn, Sn, Pb, Fe, Ag and Al) were removed with a mean removal efficiency between 30 and 80%. The use of a rapid chemical settler did not increase the metals removal by precipitation.
To decrease the discharge of metals by the WWTP, it is first necessary to support the actions of source-limitation and reduce the input into sewers. According to the sensitivity of the aquatic environment, the upgrade of treatment technologies could become necessary. A selection of metals should be targeted such as partially removed and toxic metals like (e.g. Co, As, Se, Sb and U), besides the most studied ones (Cd, Ni, Cr, Pb, Cu and Zn). The technical solutions vary according to the size of the treatment plants. For rural areas (small units of treatment), because systems using natural plants have a limited efficiency for metal uptake (Salt et al. ) , process with a filtration and adsorption stage through adsorbant material like apatite, kaolinite, coconut (Kadirvelu & Namasivayam ; Yavuz et al. ; Sneddon et al. ) might be used, in particular to remove metals present mostly in the dissolved phase. For urban facilities, sand filtration or filtration through reverse osmosis (Dushenkov et al. ; Benito & Ruíz ) or chemical treatment with chelating agents systems could be used. These systems require to be further studied in particular to evaluate their cost and environmental impact, the reliability of the performances of treatment at full-scale plants and to develop treatment solutions for contaminated adsorbant materials or concentrate waste (osmosis).
CONCLUSION
This extensive study provides an updated overview of the total metal concentrations in wastewaters. It also presents the partitioning between dissolved and particulate phases in order to explain the removal performances of biological treatment processes.
22 metals were quantified in the influents and effluents of 10 WWTPs. A classification of total metal influent concentrations and daily loads was attempted, but concentrations were highly variable from one WWTP to the next. Ten metals were mostly adsorbed to the particulate phase in influents (Ti, Cr, Cd, Cu, Zn, Sn, Pb, Fe, Ag and Al). Mean removal efficiency above 75% by secondary (biological) treatment processes (mainly activated sludge) was measured for these metals. On the opposite, 4 metals (B, Li, Rb and Mo) were poorly adsorbed and mean removal efficiencies below 20% were measured except for Mo. 30-60% removal efficiencies by secondary (biological) treatment processes were calculated for intermediate adsorbable metals (Ni, Se, Ba, U), except for Co and As (below 20%).
For half of the metals, the additional tertiary stage of treatment (rapid settler, polishing pond, or sand filter þ ozonation) did provide a small increase in the treatment efficiency measured for secondary treatment, whereas a 40-60% additional treatment is provided for Ti, Cr, Cd, Cu, Zn, Sn, Pb, Fe, Ag and Al.
